A detailed kinetic study of triple helix formation was performed by surface plasmon resonance. Three systems were investigated involving 15mer pyrimidine oligonucleotides as third strands. Rate constants and activation energies were validated by comparison with thermodynamic values calculated from UV-melting analysis. Replacement of a T´A base pair by a C´G pair at either the 5¢ or the 3¢ end of the target sequence allowed us to assess mismatch effects and to delineate the mechanism of triple helix formation. Our data show that the association rate constant is governed by the sequence of base triplets on the 5¢ side of the triplex (referred to as the 5¢ side of the target oligopurine strand) and provides evidence that the reaction pathway for triple helix formation in the pyrimidine motif proceeds from the 5¢ end to the 3¢ end of the triplex according to the nucleation-zipping model. It seems that this is a general feature for all triple helices formation, probably due to the right-handedness of the DNA double helix that provides a stronger base stacking at the 5¢ than at the 3¢ duplex±triplex junction. Understanding the mechanism of triple helix formation is not only of fundamental interest, but may also help in designing better triple helixforming oligonucleotides for gene targeting and control of gene expression.
INTRODUCTION
A full understanding of interactions between nucleic acids requires knowledge of (i) the structures of nucleic acid complexes, (ii) the energetics of complex formation and (iii) the rates at which the complexes form and dissociate. Over the last two decades, tremendous advances have been made in both X-ray crystallography and NMR spectroscopy, which have provided high resolution structural data for nucleic acid complexes. However, structural data alone provide a partial description of the interaction, and must be complemented by thermodynamic and kinetic data if the system is to be understood in detail. Thermodynamics provides information necessary to understand the molecular forces responsible for the stability of nucleic acid complexes, while kinetics provides the most rigorous means of inferring the mechanism that de®nes the reaction pathway leading to the formation of a stable complex.
Over the last 15 years, oligonucleotide-directed triple helix formation (1, 2) has aroused a great deal of interest due to its potential biological and therapeutic applications (reviewed in 3±6). Many efforts have been devoted to characterizing different triplex motifs, their thermal stability and thermodynamic parameters (reviewed in 7±11). However, kinetic studies on triple helix formation (12±19) are still limited and fragmentary due to the use of different techniques (biochemical assay, spectroscopy, etc.) and different experimental conditions (base composition, sequence and length of triplexes, as well as pH, cations and ionic strength, etc.).
The formation of triple helical structures by association of a double helix containing an oligopyrimidine´oligopurine (oligoY´oligoR) sequence with a single-stranded triple helixforming oligonucleotide (TFO) is reminiscent in many aspects of the formation of double-helical structures by association of two Watson±Crick complementary single strands. Insights into the mechanism of these reactions can be provided by investigating their kinetics. Many pioneering studies of double helix formation in the late sixties and early seventies had shown that the activation energy of the association step had a negative value (20, 21) . These observations clearly pointed out that the association of two complementary single strands was not an elementary reaction resulting from bimolecular collision, and had been interpreted by the so-called nucleationzipping model. Brie¯y, this model describes double helix formation as a process that starts in a series of fast but unfavorable reactions with a few base-pairing (forward) and unpairing (backward) processes, then when a further base pair is added to the critical intermediate, a helix nucleus is formed. Following this rate-determining step, a zipping process leads to the formation of a fully paired double helix faster than its dissociation into single strands. Early experiments on poly(rA)´2poly(rU) (22±24) and oligo(rA)´2oligo(rU) (20) showed that the association and dissociation rate constants of triple helices are 100 or more times slower than those of double helices. We have reported that the formation of a 22mer pyrimidinemotif (Y-motif) triple helix was also characterized by a negative activation energy of the association step by analyzing the hysteresis of the triple helix melting pro®le (13) . The mechanism of triple helix formation is consistent with a nucleation-zipping model. It was estimated that the nucleation (nucleus) involved approximately three to ®ve triplets depending on ionic strength.
The present work was aimed at understanding the details of the mechanism by which a Y-motif triple helix is formed. The kinetics of three systems involving 15mer Y-motif triple helices were studied in detail by using surface plasmon resonance (SPR) biosensor (BIAcore) technology. The base composition of the systems was kept constant, only their sequences differed by the permutation of base triplets. All data can consistently be interpreted by a directional nucleationzipping mechanism where nucleation occurs at the 5¢ end of the triple helix (de®ned as the 5¢ side of the target oligopurine sequence).
MATERIALS AND METHODS

Oligonucleotide
All oligonucleotides were synthesized by Sigma-Genosys (Cambridge, UK), and used without further puri®cation. Their concentration was determined from absorbance at 260 nm according to the nearest-neighbor model (25) . The 21-bp double helix containing the 15-bp oligoY´oligoR target sequence for triple helix formation was synthesized as a hairpin with a protruding single strand tethered to biotin (Fig. 1) .
Melting experiments
All thermal denaturation studies were carried out using a Uvikon 940 spectrophotometer interfaced with a computer for data collection and analysis. Temperature control of the cell holder was achieved by a Haake D8 circulating water bath. The temperature of the water bath was decreased from 80 to 0°C and then increased back to 80°C at a rate of 0.1°C/min with a Haake PG 20 thermoprogrammer, and the absorbance at 260 nm was recorded every 1°C. Thermal denaturation and renaturation experiments were carried out on the sample containing 1 mM hairpin duplex and 1.5 mM TFO in the buffer used for SPR experiments. The maximum of the ®rst derivative of the triplex « duplex + TFO transition in the melting curve was taken as the melting temperature (T m ) within T1°C accuracy. In the case of melting pro®les exhibiting hysteresis, the mean value of the ®rst derivative of the cooling and heating pro®les was taken as an approximation of the T m value with greater uncertainty (T2±3°C depending on the extent of hysteresis).
SPR experiments
SPR experiments were carried out using a BIAcore2000Ô (BIAcore AB, Sweden) with a carboxymethylated dextrancoated sensor chip (CM5). The CM5 chip was ®rst activated by injection of 200 ml of N-ethyl-N¢-(dimethylaminopropyl)-carbodiimide/N-hydroxysuccinimide at a¯ow rate of 20 ml/min, followed by injection of 100 ml of streptavidin (100 mg/ml) in 10 mM sodium acetate buffer (pH 4.5) at a¯ow rate of 10 ml/min, and ®nally the unused activated sites were capped by a 100 ml injection of 1 M ethanolamine. The injection of streptavidin was controlled to obtain~5500 resonance units (RU) immobilized streptavidin. The RU value provides a measure of the change in the mass density at the sensor chip surface. One micromolar solutions of 5¢-biotinylated duplex hairpins, containing a target sequence for TFO (Fig. 1) , were prepared in a HBS-EP buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.0005% surfactant P20) (purchased from BIAcore). A strong streptavidin±biotin interaction was used to capture~1500 RU of the biotinylated oligonucleotides so that the RU max of TFOs binding was~350 RU. RU max is the expected response if all of the binding sites at the sensor chip surface were saturated; it was calculated as RU max = [(TFO molecular weight) / (DNA hairpin molecular weight)] Q (response of DNA hairpin immobilized at the surface). After each cycle of a kinetic study, a pulse of 5 ml of regenerant solution containing 2 M urea, 20% ethanol and 0.05% SDS was injected, followed by a 5 ml injection of 1 M NaCl in order to re-stabilize the intramolecular duplex. Stabilization of the baseline, following the regeneration procedure, was achieved after 15 min. Typically, a sensor chip could be reused for more than 100 cycles without notable loss of binding activity.
TFO solutions of decreasing concentration were prepared by serial dilutions, in a 10 mM sodium cacodylate (pH 6.2) buffer containing 100 mM NaCl and 10 mM MgCl 2 (unless otherwise indicated). The SPR experiments were carried out by serial injection of TFO for 10 min at a 10 ml/min¯ow rate. After a dissociation period (30±120 min) in running buffer at the same¯ow rate, a 30-s pulse of a regeneration solution was applied in order to restore the TFO binding capacity of the sensor chip for further experiments. A serial injection of TFO provided simultaneously the response of perfectly matched, 5¢-and 3¢-mismatched triplexes, as well as that of a control, which mainly re¯ected bulk index change. All the sensorgrams were then corrected by subtraction of the control. All SPR experiments were carried out at four ®xed temperatures in the range 19±35°C. The buffer type may in¯uence the thermodynamic parameters of triplex formation with TFOs that have cytosine bases (26) . The cacodylate is a suitable buffer for our study: it has a pK a = 6.1 that does not change signi®cantly with temperature [d(pK a ) / dT = 0.0006 U/°C, in the 0±50°C range], and a negligible protonation enthalpy (DH protonation » 0.5 kcal mol ±1 ) (27) .
Data analysis was performed on the corrected sensorgrams, using the BIAevaluation 3.0 software. The apparent association rate constant increased linearly with the concentration of TFO, in agreement with a two-state model. The ®tting of the dissociation part was not mono-but rather bi-exponential. It was previously shown that the fast component was not relevant to the dissociation of TFO, and could be due to the fast matrix relaxation on the sensor chip (J.-S. Sun, unpublished data). Kinetics experiments were performed at different¯ow rates (5, 10, 20 and 40 ml/min). The sensorgrams and the calculated rate constants were not affected by the change in¯ow rate ( Fig. S1 and Table S1 in the Supplementary Material), indicating that mass transport effects were negligible under our conditions.
RESULTS
Description of the investigated triple helices
The kinetics and thermodynamics of triple helix formation were investigated by SPR and by UV-melting experiments. Three different triple helices in the Y-motif were chosen. The base composition was kept constant whereas the sequences were varied by permutation of base triplets so that a cluster of alternating T´AxT (where´and x indicate Watson±Crick and Hoogsteen hydrogen bonding, respectively) and C´GxC+ triplets was located either on one end (5¢ or 3¢) or in the center of the triplex, and adjacent T´AxT triplets were at the opposite end (3¢ or 5¢) with respect to the alternating sequence, or split at both ends ( Fig. 1) . Isolated C´GxC+ triplets, instead of adjacent C´GxC+ triplets, were chosen to allow homogeneous and effective protonation of all cytosines under mildly acidic conditions. Therefore, the difference in kinetic behavior of these triplexes is mainly ascribed to a sequence effect. Within each triple helix system, some variants were used where a terminal T´A base pair was substituted by a C´G pair, thus resulting in a C´GxT mismatched triplet upon triplex formation (i.e. 5mD and 3mD in Table 1 ). Furthermore, two 14-nt TFOs which differ from the full-length 15-nt TFO by deletion of a single terminal T were also studied in the triplex system D (5dD and 3dD in Table 1 ). These mismatches and deletions served as intrinsic probes to delineate the mechanism of triple helix formation.
DNA melting experiments
DNA thermal denaturation and renaturation experiments of all studied triple helices were carried out by UV absorption spectroscopy in order to determine the T m of the triplex « duplex + TFO transition and its thermodynamic parameters (DH and DS) according to a two-state model using a van't Hoff plot (28) . The purpose of triplex melting experiments were 2-fold: (i) the determination of T m was useful to de®ne the operational temperature range for SPR experiments; (ii) the data deduced from melting experiments [T m , dissociation equilibrium constant (K D ) at T m and enthalpy] can be compared with those obtained by SPR experiments.
DNA melting experiments were carried out with 1 mM of hairpin duplex and 1.5 mM TFO in the same buffer as the one used in SPR experiments. Therefore, the equilibrium dissociation constant K D UV (T m UV ) is 1.0 mM at the melting temperature (T m UV ). The T m UV value of all studied triplexes are shown in Tables 1 and 2 (right column) . Analysis of the melting curve shape according to a two-state model (van't Hoff plot) provided the enthalpy of the interaction (DH°U V ). The comparisons of UV melting and SPR data of the three triple helices (D, S and I) are given in Table 3 .
SPR experiments
SPR (29) was used to investigate the kinetics of triple helix formation by BIAcore2000Ô. Duplexes of appropriate sequence were captured on the surface of the sensor chip via a streptavidin±biotin interaction. All the duplexes were made of a 5¢-biotinylated oligonucleotide which was designed to fold into a 21-bp hairpin with a 15-bp oligoY´oligoR sequence located in the center (Fig. 1, top) . Seven thymidylates were used as a linker between biotin and the 5¢ end of the hairpin duplex. Four thymidylates served as a loop for hairpin structure. This intramolecular DNA target was designed to resist regeneration condition, as it was anchored to the sensor chip surface. Typically, three duplexes (i.e. D, 5mD and 3mD; Table 1 ) and one control duplex (in which the 15-bp oligoY´oligoR sequence was replaced by the 16-bp oligoY´oligoR sequence, 3¢-T 4 CT 4 C 6 T-5¢/5¢-A 4 GA 4 G 6 A-3¢) were loaded on four¯ow-cells of a sensor chip. A serial injection of TFO provided simultaneously the response of perfectly matched, 5¢-and 3¢-mismatched triplexes, as well as that of a control, which mainly re¯ected bulk index change. All the sensorgrams were then corrected by subtraction of the control (Fig. 2) . Ten concentrations of TFO (0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12 mM) were used to determine the association rate constant (k ass ) from k app (k app = k ass [TFO] + k diss ). SPR experiments were carried out at different temperatures with a 4°C interval for each triple helix below its T m value in order to measure the activation energies associated with association and dissociation (E ass and E diss ). Figure 2A shows the corrected sensorgram of the perfectly matched triplex D with 0.5±12 mM TFO at 23°C. The linear dependence of the apparent association rate constant (k app ) with respect to the concentration of TFO was consistent with a simple two-state model (Fig. 2D) . The same experiments were carried out at ®ve temperatures (19, 23, 27, 31 and 35°C) . The rate constants (k ass and k diss ) could be well aligned by an Arrhenius plot from which the activation energies (E ass and E diss ) were calculated by linear regression (Fig. 2E±F and Table 1 ). Therefore, all rate constants could be interpolated and compared at room temperature (25°C). The association and dissociation rate constants of the triplex D are~1.2 Q 10 3 M ±1 s ±1 and~1.1 Q 10 ±5 s ±1 at 25°C, respectively. This triplex was slow to form as compared to a duplex (the k ass value of duplex formation is usually of the order of 10 5 ±10 6 M ±1 s ±1 ) (20±24). The dissociation process was also slow: the lifetime Ln2 / k diss of this triplex was as long as 18 h at 25°C.
Data for the triplexes involving either a 5¢-end or a 3¢-end mismatch (5mD and 3mD) are also shown ( Fig. 2B±F and Table 1 ). It was observed that a 5¢-end mismatch dramatically decreased the k ass value, whereas a 3¢-end mismatch did not affect k ass markedly (Fig. 2E) . Both mismatches increased the k diss value, notably for the 3¢-end mismatch. Similar, but less pronounced, effects were also observed for the 5¢-and 3¢-end deletions in TFO (5dD and 3dD in Table 1 ). It should be noted that the same 5¢-end mismatch in a shortened triplex (5m3dD versus 3dD in Table 1 ) had the same effects as compared to the full-length triplex (5mD versus D in Table 1 ).
All kinetic data of the triplex system D consistently highlight the importance of the 5¢-end triplet. Two other sequence-related triplex systems (S and I) were also studied in order to assess any sequence effect. S contains the alternating T´AxT and C´GxC+ triplets in the center of the triple helix with three T´AxT triplets at both 5¢ and 3¢ ends. I has the inverted sequence of D. Again, all data showed the prevailing role played by 5¢-end triplet (see Table 1 ). However, the extent of the 5¢-mismatch effect depends on the sequence context.
As pH and the presence of cations in¯uence triple helix formation, SPR experiments were also carried out under different pH and cationic conditions (Table 2) in an effort to understand the sequence effects. In particular, their effects on the association rate constants may provide an insight to delineate the possible reaction pathway of triple helix formation in the Y-motif. Raising ionic strength dramatically increased the association rate constants, whereas the dissociation rate constants were not signi®cantly affected. Change in pH affected both rate constants. The extent of these variations is sequence-dependent. For all triplexes, a 10-fold increase in NaCl concentration led to a 50±100-fold increase in the association constant, whereas the dissociation was marginally affected by ionic strength. The addition of 10 mM MgCl 2 led to a much faster association process (31-fold for D, 21-fold for S and 30-fold for I) and a slower dissociation (3-fold for D, 4-fold for S and 2-fold for I). For the three triplex systems examined, a 0.4 U increase in pH led to a~2-fold decrease in the association constant and to an important increase in the dissociation process (13-fold for D, 6-fold for S and I), resulting in a markedly reduced thermal stability (DT m~1 0°C). These results are summarized in Table 2 .
DISCUSSION
Triple helix formation and in¯uence of hairpin loop
Triple helix formation was evidenced by SPR and DNA melting experiments (Fig. 2 and Tables 1±3). The 1:1 stoichiometry of the reaction was evidenced by the ratio of RU eq and RU max [the measured resonance unit at equilibrium (RU eq ) versus the calculated one based on a 1:1 reaction (RU max )] (Fig. S2 in the Supplementary Material) . In the presented experiments, the hairpin loop was located at the 5¢ side of the target oligopurine strand 3 bp away from the duplex±triplex junction. Additional experiments were performed where the location of the hairpin loop was reversed (at the 3¢ side of the oligopurine strand) on the symmetrical system (Fig. S3A in the Supplementary Material) . The reversion of the hairpin loop had little effect on the dissociation rate constants. A signi®cant increase in the association rate constants was observed but the difference in three triplexes remained, i.e. the k ass values of the perfect triplex S and the triplex with a 3¢-end mismatched triplet 3mS were close and~4-fold higher than that of the triplex with a 5¢-end mismatched triplet 5mS (Fig. S3B in the Supplementary Material). This control experiment demonstrated that the 5¢/3¢ asymmetry is neither the trivial result of the polarized attachment of the duplex oligonucleotide to the sensor chip surface nor the result of the hairpin loop location. The in¯uence of hairpin loop on the association rate constant may be explained in light of the mechanism of triple helix formation (see Fig. S3C in the Supplementary Material).
Validition of kinetic measurements by BIAcore
The comparison of the data deduced from kinetic measurements of triplex formation by SPR at the interface of a sensor chip with those calculated from DNA melting experiments by UV spectrophotometry in solution on the same triplex is important in order to validate the kinetic data measured in this work.
From the rate constants (k ass and k diss ) and the associated activation energies (E ass and E diss ) obtained by SPR, it is possible to calculate: (i) the equilibrium dissociation constant Overall, the data deduced from SPR on the three full-length and perfectly matched triplexes studied in this work (D, S and I; Table 3 ) agreed with those obtained by melting experiments. The consistency of the data obtained separately by two techniques provides a validation of the rate constants and the associated activation energies measured by SPR.
Association rate constant depends on the nature of 5¢-side base triplets
Regardless of their sequences, a single 5¢-end mismatched C´GxT triplet caused an~4-fold decrease in the association rate constant (D versus 5mD, 3dD versus 5m3dD and S versus 5mS in Table 1 ), whereas an identical mismatch at the 3¢ end left k ass nearly unchanged or even slightly increased (D versus 3mD, S versus 3mS and I versus 3mI in Table 1 ). It is interesting to note that the deletion of a single T either at the 5¢ or 3¢ end of TFO only decreases k ass by 25 and 7%, respectively (D versus 5dD and D versus 3dD in Table 1 ). Therefore, the presence of a dangling T at the 5¢ end (as occurred in a C´GxT mismatch) is more detrimental to k ass than the removal of the terminal nucleotide of the TFO (5mD versus 5dD in Table 1) .
When considering the sequence of base triplets at the 5¢ side of triplexes while keeping the composition of base triplets constant throughout triplexes, it emerged that the value of k ass was decreased by~2.5-fold (in the 6.2±6.6 pH range) when the cluster composed of alternating T´AxT and C´GxC+ triplets was shifted from the 3¢ side to the 5¢ side of the triplex (Table 3) . When pH was raised from 6.2 to 6.6, the values of k ass were reduced by 2.6-, 1.7-and 1.5-fold in the triplexes I, S and D, respectively (Table 3 ). These observations were consistent with: (i) the necessity of cytosine protonation required for a Y-motif triplex, concomitant with triplex formation (assuming that the state of cytosine protonation of single-stranded TFOs was not greatly in¯uenced by their sequence in the three studied systems); (ii) the importance of the 5¢-side base triplets, clearly a key factor in the association of TFO with its target duplex.
In addition, for all triplexes, an increase in the concentration of NaCl (0.1±1 M) had a major impact on k ass but nearly no effect on k diss (Table 2 ) with notable sequence dependence: a 10-fold increase in the concentration of NaCl, boosted the k ass by 54-, 60-and 116-fold in the triplexes I, S and D, respectively. The difference in NaCl effect could be explained by both an intrinsic competition between the binding of monocation and cytosine protonation and the involvment of C´GxC+ triplets at the 5¢ side in the association phase of triplex formation. It is worth noting that the addition of 10 mM of divalent cations (MgCl 2 ) in the buffer containing 0.1 M NaCl had an almost similar effect for all three triplexes regardless of their sequences. The mean value of k ass was boosted up to 21±31-fold whereas that of k diss was reduced bỹ 2±4-fold. This last observation shows that the Mg 2+ dications mainly favor triplex formation by increasing the association rate constant.
Taken together, all the above-mentioned observations, i.e. the effect of sequence, triplet mismatch/deletion, pH, cations and ionic strength, on the three studied triplexes, which are identical in base composition, consistently point to the key role of the 5¢-side base triplets in the association rate constant of Y-motif triple helix formation.
Sequence-dependent dissociation rate constant
For a given length and base triplet composition, the dissociation rate constant of the triplexes notably depends on their sequence. The slowest dissociation was observed for the triplex with a symmetric sequence (S). An increase in pH from 6.2 to 6.6 speeded up the k diss of triplex D by 13-fold whereas that of triplexes S and I was increased by only 6-fold (Table 2) . It is also worth noticing that a pH increase affects triplex dissociation much more than association.
When examining the effect of base triplet mismatches of all three triplex systems, it turns out that: (i) a terminal mismatched C´GxT triplet greatly increases the k diss for all triplexes; (ii) a terminal C´GxT mismatch within an alternating T´AxT and C´GxC+ triplet cluster accelerated dissociation by a factor of 8±12 (5mI and 3mD in Table 1 , respectively) whereas an identical mismatch within a T´AxT triplet cluster either increased the dissociation by 4-fold or had no signi®cant effect on dissociation (5mD and 3mI in Table 1 , respectively); (iii) for a triplex with a symmetrical sequence, a 5¢-end mismatch had a 2-fold greater effect on k diss than a 3¢-end mismatch (5mS versus S and 3mS versus S in Table 1 ). It is worth noticing that the deletion of a T´AxT triplet in an alternating T´AxT and C´GxC+ triplet cluster had a~2-fold greater effect on dissociation than the same deletion in a T´AxT triplet cluster (3dD versus D and 5dD versus D in Table 1 ). It is also noted that an end-mismatched C´GxT triplet caused three to four times faster dissociation than the corresponding deletion of a T´AxT triplet ( Table 1) . The same trends were observed for other mismatched (i.e. T´AxC) or deleted triplets in other triplexes (data not shown).
The sequence dependence of dissociation rate constants shown above strongly suggests that a cluster composed of alternating T´AxT and C´GxC+ base triplets is likely a core element in Y-motif triple helix formation. Any alteration of this core element (mismatch or deletion) was detrimental to triplex formation mainly by facilitating the dissociation process. In addition, a 5¢-end mismatch has an intrinsically higher penalty than its 3¢-end analog, as shown in the triplex S with a symmetrical sequence. 
Activation energies
In parallel with the observations that the 3¢-end mismatch or deletion had little effect on the association rate constant, it was found that the same alteration contributed to a rather small decrease of the activation energy for the association reaction (E ass ) in the range of ±0.5 to ±0.8 kcal mol ±1 , which depends on triplex sequence, mismatch and deletion (Table 1) . On the other hand, the same mismatch or deletion at the 5¢ end of the triplex appeared to greatly affect E ass . The extent of variation also depends on triplex sequence, mismatch and deletion (in the range of ±5.4 to +0.5 kcal mol ±1 ).
In an attempt to sort out any sequence effect on E ass , triplexes were ranked according to the value of their E ass , except those involving a 5¢-end mismatch, which were separately ranked (Fig. 3A and B) . It becomes evident that the value of E ass mainly depends on the sequence on the 5¢ side of the triplex: the more adjacent T´AxT triplets on the 5¢ side of the triplex, the higher (less negative or more positive) the association activation energy (Fig. 3A) .
It is interesting to note that a 5¢-end mismatch such as that in triplexes 5mD and 5m3dD had a similar value of E ass as that of the triplexes 3mS and S, respectively ( Fig. 3B and A) . The TFO containing 5¢-TTTTTCTC sequence (where T designates the T base involved in a mismatched C´GxT triplet) behaves as a TFO having a 5¢-TTTCTCT sequence rather than a 5¢-TTTTCTC sequence. Therefore, it seems that a 5¢-end mismatch imposes a constraint on its nearest neighbor and decreases its ability to participate in the initial association (nucleation) process.
An increase of 0.4 pH units (from 6.2 to 6.6) had no effect on E ass for the triplex D, which contains a T´AxT triplet tract at the 5¢ side, whereas it increased E ass by~1.5 kcal mol ±1 for the triplexes I and S, which contain T´AxT and C´GxC+ triplets at the 5¢ side (data not shown).
The value of the dissociation activation energy E diss also depends on the sequence of triplexes. However, no clear consistency was found as it was dependent on mismatch and deletion in some cases, or remained constant in other cases ( Table 1) .
Mechanism of pyrimidine-motif triple helix formation
The current work provides new insights into the mechanism of Y-motif triplex formation. All our data consistently show that the association rate constant is governed by the nature of base triplets at the 5¢ end of the triplex. The most striking example of this behavior is the effect of mismatch in the triplex with symmetric sequence. A mismatched C´GxT triplet at the 5¢ end of the triplex dramatically decreased k ass by 4-fold, whereas the same mismatch at the 3¢ end had only a marginal 9% effect on k ass . Similar effects were observed for the other two triplexes (D and I in Table 1 ), albeit the extent of k ass variations was somewhat sequence dependent. Our data provide clear evidence that the nucleation takes place on the 5¢ side of the triplex, and that there is a strong 5¢®3¢ directional preference, which has not been seen in nucleic acids so far.
Under given experimental conditions, a careful analysis of the activation energy associated with k ass reveals that a correlation exists between the value of E ass (positive or negative) and the sequence at the 5¢ side of the triplex. The more alternating C´GxC+ triplets on the 5¢ side of the triplex, the more negative the association activation energy (Fig. 3A) . This is consistent with our observation that a tract of alternating T´AxT and C´GxC+ triplets at the 5¢ side of the triplex has a greater stabilizing potential for triple helix formation as compared to a T´AxT triplet tract. Having taken into account the variation of E ass and the sequence at the 5¢ side of the triplex, it may be proposed that the size of nucleus depends on the sequence that participates in the nucleation step: the weaker the base triplets, the longer the nucleus. In this study, the absolute E ass values are relatively small as compared to those obtained in our previous study of a 22mer triplex (from ±16 to ±28 kcal mol ±1 depending on ionic strength) (13). It was not possible to calculate the size of the nucleus according to the nucleation-zipping model (20, 21) as we previously did (13) , probably due to the short size of the triplexes investigated here. In addition, the model does not take into consideration the nature of base pairs or base triplets involved in the nucleation step. It should be noted that when the length of triplex is much longer than its nucleus size, the E ass value should be a constant governed by base triplets involved in the nucleation.
An additional experiment was further carried out to check the nucleation model. Triple helix formation of a series of TFOs, (TC) 4 T n , where n = 0, 1, 2, 3, 4, 6 and 8, were assayed by BIAcore at different temperatures in the 10 mM sodium cacodylate buffer (pH 6.0), in the presence of 100 mM NaCl and 10 mM MgCl 2 . This experiment was performed at pH 6.0, in order to permit triplex formation with the shortest TFO (n = 0). The E ass values varied sharply from positive (n = 0) to negative (n b 1) as the size of the T n tail increased, and they remained constant for n b 4 (Fig. 4) . It was not possible to study TFO shorter than (TC) 4 , probably because its length is close to the critical nucleus size. These experiments qualitatively support the nucleation-zipping model. Is this directional nucleation-zipping mechanism a peculiar feature of the Y-motif triple helix, or is this a general feature of nucleic acids association? It is generally believed that nucleation in duplex formation may take place anywhere and then propagate in both directions. This is probably the case for a long DNA polymer. However, it remains to be seen whether the reaction pathway leading to duplex formation by short oligomers might have any directional preference. Our preliminary study shows that other triplex motifs involving the T´AxT, T´AxA and C´GxG base triplets in reverse Hoogsteen con®guration exhibit similar features (J.-S. Sun, unpublished data). They are consistent with previous reports (30, 31) showing that the nature of the bases at the 3¢ side of TFO seems to be a key factor of triplex stability (the third strand orientation of these triplexes is opposite to that in the Y-motif triplex).
A plausible explanation of such a directional nucleationzipping model comes from a molecular modeling study by conformational energy minimization of the structure of the junction between a double and a triple helix. Figure 5 shows that the ®rst base pair on the 5¢ side of the triplex overlaps well with all three bases in the ®rst base triplet at the 5¢ junction, whereas the base pair on the 3¢ side of the triplex stacks only with the Watson±Crick base pair of the base triplet at the 3¢ junction. The base stacking at the 5¢ junction between the preceding base pair and the ®rst base triplet was~0.7 kcal mol ±1 stronger than that between the last base triplet and the next base pair at the 3¢ junction. The difference in the base stacking interaction is due to the right-handedness of nucleic acids. As a consequence of such structural and energetic features, a nucleation at the 5¢ end should be favored since once the very ®rst base triplet is formed, formation of a second base triplet (in the 5¢®3¢ direction) would not disrupt the stacking between the ®rst base triplet and its 5¢-side base pair neighbor, whereas the reverse processing would cause a partial rearrangement of the base pair with respect to the 3¢ ®rst base triplet and rearrangement between the second triplet with it 5¢ base pair, and so on.
In summary, the kinetic study of triple helix formation by SPR provides evidence that the mechanism of a pyrimidinemotif triple helix formation proceeds from the 5¢ side to the 3¢ end of the triplex according to the nucleation-zipping model. Preliminary results suggest that this is a general feature of any triple helix formation. The right-handedness of natural DNA helical structures is likely responsible for the observed 5¢®3¢ directional nucleation-zipping reaction pathway. Understanding the mechanism of triple helix formation is not only of fundamental interest but also should help design better TFOs for gene targeting and for ef®cient control of gene expression.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online. 
